p73 is a member of the p53 family. Recent studies have shown that DNA damage can stabilize p73 protein and enhance p73-mediated apoptosis in a c-Abl dependent manner. To determine what regulates p73 transcriptionally, we analysed the expression of p73 in several cell lines following genotoxic stresses. We found that p73 is induced in certain cell lines when treated with therapeutic DNA damaging agents. We also found that p53 and p73, but not mutant p53(R249S) and p73b292, directly induce the expression of the p73 gene. In addition, we found one potential p53-binding site in the promoter of the p73 gene. This binding site is responsive to p53, p73, and DNA damage. Taken together, these data suggest that p73 is transcriptionally regulated by DNA damage and p53, and is autoregulated. Oncogene (2001) 20, 769 ± 774.
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Keywords: p53; p73; DNA damage; transcriptional regulation p73 was identi®ed as a member of the p53 family since the residues in p73 and p53 are highly similar, especially in the central sequence-speci®c DNA binding domain, the amino terminal activation domain, and the carboxyl terminal oligomerization domain (Kaghad et al., 1997) . p73 is expressed in at least six alternatively spliced forms, that is, p73a, p73b, p73g, p73d, p73e, and p73z (De Laurenzi et al., 1998 , 1999 Kaghad et al., 1997; Zaika et al., 1999) . Like p53, p73 can induce cell cycle arrest and apoptosis when overexpressed in cells (Jost et al., 1997; Kaghad et al., 1997; Zhu et al., 1998a) . As a sequence-speci®c transcription factor, p73 can recognize several p53 response elements both in vitro and in vivo (Chen, 1999; . Loss of p73 transcriptional activity abrogates its ability to induce cell cycle arrest and apoptosis. Despite these similarities to p53, p73 regulates some cellular p53 target genes dierently from p53 (Di Como et al., 1999; Yu et al., 1999; Zhu et al., 1998a) . For example, 14-3-3s, which may mediate p53-dependent G 2 -M arrest, is activated several fold higher by p73 than by p53. Furthermore, unlike mice lacking p53 (Donehower et al., 1992) , p73 de®cient mice are not susceptible to spontaneous tumors, but instead develop neurological, pheromonal, and in¯ammatory defects (Yang et al., 2000) . These results suggest that the signaling pathways for p53 and p73 may be similar but also have important dierences. Recent studies have shown that p73 can be stabilized and phosphorylated at a tyrosine residue by DNA damage in a c-Abl-dependent manner, leading to an enhanced p73-mediated apoptotic response (Agami et al., 1999; Gong et al., 1999; Yuan et al., 1999) . In this study, we found that p73 is transcriptionally regulated by DNA damage, p53 and p73.
To determine whether p73 can be induced transcriptionally by DNA damage, we analysed the expression of the p73 gene by Northern blot analysis in LS174T, T98G, and SW480 cells following genotoxic stresses. LS174T and SW480 are colorectal carcinoma cell lines, and T98G is a glioma cell line. These cells were treated with four therapeutic agents, camptothecin, etoposide, cisplatin, or doxorubicin, to induce DNA damage. We found that p73 was signi®cantly induced in LS174T, SW480 and T98G cells when treated with camptothecin ( Figure 1a) , etoposide, cisplatin, or doxorubicin (data not shown). We also tested the expression of p21, a well-de®ned target of p53 (el-Deiry et al., 1993) . We found that p21 was signi®cantly induced only in LS174T, but not in T98G and SW480, cells. This is consistent with previous reports that in LS174T cells, the endogenous wild-type p53 protein is stabilized and capable of inducing p21 (Zhu et al., 1999) , whereas in T98G and SW480 cells, mutant p53 may antagonize the activity of p73 to induce p21 (Di Como et al., 1999; Marin et al., 2000) . To determine whether DNA damage induction of p73 correlates with an increased expression of p73, the level of p73 protein was quanti®ed in cells that were untreated or treated with camptothecin. We found that p73 protein was undetectable when cell extracts were used directly for Western blot analysis. This is probably due to the low anity of the anti-p73 antibody or the low abundance of p73 protein expressed in cells. To circumvent this problem, we used mouse anti-p73 monoclonal antibody to immunoprecipitate p73 and the resulting precipitates were used to detect p73 by Western blot analysis with rabbit anti-p73 polyclonal antibody. We found that the level of both p73a and p73b proteins was signi®cantly increased (43 fold) in SW480 and T98G cells (Figure 1b ) and in LS174T cells ( Figure  1c ).
Next, we determined DNA damage induction of p73 in p53-null SAOS-2 cells. We used RT ± PCR with a pair of primers that speci®cally amplify the endogenous p73a transcript in SAOS-2 cells that were untreated or treated with camptothecin. We found that p73a was induced ( Figure 1d , p73 panel). As a positive control, we found that p21 was also induced (Figure 1d , p21 panel). In addition, DNA damage induction of p73 correlated with an increased expression of p73 protein (Figure 1e ).
Since the p53 pathway is functional in LS174T cells, we wanted to determine whether DNA damage induction of p73 is mediated by p53. To do this, we The expression of the p73 gene is induced by DNA damage in LS174T, T98G, and SW480 cells. A Northern blot was prepared using 40 mg of total RNA isolated from LS174T, T98G, and SW480 cells that were untreated (7) or treated (+) with 300 nM camptothecin (CPT) for 24 h. Total RNA was isolated using Trizol reagents (Life Technologies, Inc., Gaithersburg, MD, USA). Northern blot analysis was performed as described (Zhu et al., 1998b) . The probes to detect p21 and GAPDH were prepared as previously described (Zhu et al., 1998b) . The probe to detect human p73 was ampli®ed by PCR with the following primers: forward primer (5'-AAG ATG GCC CAG TCC ACC GCC-3'), and reverse primer (5'-GCG GAT CCT CAG GGC CCC CAG GTC CT-3'). The ampli®ed p73 cDNA was cloned and con®rmed by sequencing to be derived from the p73 gene. The blot was probed with p73 cDNA, and then reprobed with both p21 and GAPDH cDNAs. (b and c) The level of p73 protein is increased by DNA damage in SW480, T98G and LS174T cells. Cell extracts were prepared from SW480, T98G and SW480 cells, which were untreated (7) or treated (+) with 300 nM camptothecin (CPT) for 24 h. An equal amount of cell extracts from both the control and treated cells was used for immunoprecipitation with mouse anti-p73 monoclonal antibody (Ab-2; Oncogene Research Products, Cambridge, MA, USA). The amount of p73 protein in the precipitates was quanti®ed by Western blot analysis with rabbit anti-p73 polyclonal antibody (Ab-4; Oncogene Research Products). (d) The expression of the p73 gene is induced by DNA damage in SAOS-2 cells. Total RNA was puri®ed from SAOS-2 cells that were untreated or treated with 300 nM camptothecin (CPT) for 24 h. First-strand cDNA was synthesized using Superscript reverse transcriptase (Life Technologies, Inc.) according to the manufacturer's instruction. The levels of the transcripts for p73a, p21, and GAPDH were determined by PCR with 35, 30 and 25 cycles, respectively. The primers used to amplify a 405-bp p73a cDNA fragment are forward primer (5'-TTT AAC AGG ATT GGG GTG TC-3') located in p73 exon 13, and reverse primer (5'-CGT GAA CTC CTC CTT GAT GG-3') located in p73 exon 14. The primers used to amplify p21 were forward primer (5'-AGG CAC CGA GGC ACT CAG AG-3') and reverse primer (5'-AAG CCG GCC CAC CCA ACC TC-3'). The primers used to amplify GADPH are forward primer (5'-TGA AGG TCG GAG TCA ACG GAT TTG GT-3'), and reverse primer (5'-CAT GTG GGC CAT GAG GTC CCC AC-3'). (e) The level of p73 protein is increased by the DNA damage agent camptothecin (CPT) in SAOS-2 cells. The experiment was performed similarly as in (b) except that anti-p73a antibody (Ab1: Oncogene Research Products) was used for immunoprecipitation analysed the expression of p73 in p53-7 and p53(R249S)-4 cell lines, both of which are derivatives of SAOS-2 cells that express wild-type p53 and mutant p53 (R249S), respectively, under a tetracycline-regulated promoter (Figure 2a) . We found that p73 was induced in SAOS-2 cells by wild-type p53, but not by mutant p53(R249S) (Figure 2b ). We also found that like p21, the level of p73 protein was increased by p53 (Figure 2c ). These results indicate that p73 is a potential p53 target.
Previously, we and others have shown that p73 can dierentially regulate some p53 target genes (Di Como et al., 1999; Yu et al., 1999; Zhu et al., 1998a ). Thus, we tested whether p73 is also capable of regulating itself. To do this, SAOS-2 cells were transfected with a pcDNA3 control vector or a pcDNA3 vector that expresses p73b or p73b292. RT ± PCR was performed to speci®cally amplify the endogenous p73a transcript. We found that like induction of p21 (twofold), endogenous p73a was induced by exogenous wild-type Figure 2 Upregulation of p73 by p53 and p73. (a) An equivalent level of the wild-type p53 and mutant p53(R249S) proteins was expressed in p53-7 and p53(R249S)-4 cell lines. Cell extracts were prepared from p53-7 and p53(R249S)-4 cells, that were uninduced (7) or induced (+) to express wild-type p53 and mutant p53(R249S), respectively. The levels of p53 and actin were quanti®ed by Western blot analysis with anti-p53 antibody (PAb240) and anti-actin antibody (Sigma Chemical Co., St. Louis, MO, USA), respectively. (b) Wild-type p53, but not p53 mutant, induces p73 in SAOS-2 cells. Northern blots were prepared using 40 mg of total RNA isolated from p53-7 or p53(R249S)-4 cells that were uninduced (7) or induced (+) to express wild-type p53 and mutant p53(R249S), respectively. The experiment was performed similarly as in Figure 1a. (c) The level of p73 protein is increased by p53 in SAOS-2 cells. Cell extracts were prepared from p53-7 cells that were uninduced (7) or induced (+) to express p53. An equal amount of cell extracts from both the control and treated cells was used for immunoprecipitation with mouse anti-p73a monoclonal antibody (Ab-1). The level of p73 protein in the precipitates was quanti®ed by Western blot analysis with rabbit anti-p73 polyclonal antibody (Ab-4). The levels of p21, p53, and actin proteins were quanti®ed directly by Western blot analysis with anti-p21 antibody (Ab-1; Oncogene Research Products, Cambridge, MA, USA), anti-p53 antibody (PAb240), anti-actin antibody, respectively. (d) The expression of the p73 gene is induced by wild-type p73b, but not by mutant p73b292, in SAOS-2 cells. SAOS-2 cells were transiently transfected with a pcDNA3 control vector, or a pcDNA3 vector that expresses wild-type p73b or mutant p73b292. Total RNA was puri®ed 48 h after transfection. RT ± PCR was used to quantify the level of endogenous p73a, p21, and GAPDH transcripts. The experiment was performed similarly as in Figure 1d. (e) The level of endogenous p73a protein is increased by exogenous p73b in SAOS-2 cells. SAOS-2 cells were transiently transfected with a pcDNA3 control vector, or a pcDNA3 vector that expresses¯ag-tagged p73b. Cell extracts were prepared 48 h after transfection and immunoprecipitated with anti-p73a antibody (Ab-1) or anti-¯ag epitope antibody (Sigma Chemical). The levels of endogenous p73a and exogenous p73b proteins were quanti®ed by Western blot analysis with anti-p73a antibody (Ab-1) and anti-¯ag epitope antibody, respectively p73b (1.9-fold), but not by mutant p73b292 (Figure  2d ). In addition, p73b induction of p73a correlated with an increased expression of endogenous p73a protein (Figure 2e ). It should be noted that the magnitude of the p73b eect on the induction of p73a may be underestimated due to untransfected cells in these transient transfection assays. Therefore, p73
can be autoregulated in a manner similar to that of p53 (Dee et al., 1993) .
To extend the above observations that p73 is a potential target of p53 and of itself, we searched for a potential p53 response element by sequencing approximately 3.4-kb of genomic DNA in the promoter region of the p73 gene. We found three potential half-binding The positions of the potential p73 transcription start site and a potential p53 response element are indicated. Shown below the genomic structure is the sequence of the potential three half p53 binding sites and the previously characterized p53 consensus response element (el-Deiry et al., 1992) . R represents purine, Y pyrimidine, and W adenine or thymidine. (b) p53 binds speci®cally to the potential p53 response element in vitro. A 61-bp oligonucleotide fragment containing the potential p53 response element in the p73 gene (GGA TCC GTA CTT GCC GTC CGG GGA GAA CTT GCA GAG TAA GCT GGA GAG CTT GAA TGG ATC C) was labeled with a-32 P-dCTP. 5 ng of the labeled probe DNA was added to a mixture [20 mM HEPES (pH 7.9), 25 mM KCl, 0.1 mM EDTA, 10% glycerol, 2 mM MgCl 2 , 2 mM spermidine, 0.5 mM DTT, 0.025% NP-40, 100 ng double-stranded poly(dI:dC), and 2 mg BSA] containing 20 ng of p53 protein. The p53 protein was expressed in a baculovirus expression system and anitypuri®ed using anti-p53 monoclonal antibody Pab421. The p53-DNA complex was resolved in a 4% polyacrylamide gel. For supershifting' the p53-DNA complex, 1 mg of anti-p53 monoclonal antibody Pab1801 was added in the reaction in lane 3. For competition assays, unlabeled probe DNA and RGC (20 and 100 ng) were added to the reaction run in lanes 4,5 and 6,7, respectively. (c) The potential p53-binding site, but not its mutated version, in the p73 gene is responsive to wild-type p53 and p73. To generate the luciferase reporter vector, the 61-bp fragment used in (b) was cloned upstream of a minimal c-fos promoter and a ®re¯y luciferase reporter gene (Johansen and Prywes, 1994) . The resulting construct was designated as p73-Fluc. A mutant version of the potential three half p53 binding sites was made and similarly cloned. The resulting construct was designated as mut-p73-Fluc. We co-transfected 2 mg of p73-Fluc or mut-p73-Fluc into H1299 cells with 1 mg of pcDNA3 control vector or a vector that expresses p53, p53(R175H), p73b, or p73b292, and 55 ng of renilla luciferase assay vector, pRL-CMV (Promega, Madison, WI, USA), was also co-transfected as an internal control. Dual luciferase assay was performed according to the manufacturer's instruction (Promega). The fold increase in relative luciferase activity is a product of the luciferase activity induced by p53 or p73 divided by that induced by pcDNA3. (d) The potential p53-binding site in the p73 gene is responsive to DNA damage. p73-Fluc was transfected into SAOS-2 cells, which were split into two groups 24 h following transfection. One group was then mock treated whereas the other was treated with 300 nM camptothecin for 24 h. The experiment was performed similarly as in (c) sites for p53 located at approximately 2.6-kb upstream of the p73 transcription start site (Figure 3a ). When aligned with the consensus p53 binding site (el-Deiry et al., 1992) , each of the three half sites (GtACTTGCCg tccgggga GAACTTGCag agtaagctgga GAGCTTGaaT) has two mismatches (underlined lower case letters) in non-critical positions (Figure 3a) .
To analyse whether p53 binds to the potential p53 response element, a 61-bp DNA fragment containing this element was synthesized, 32 P-labeled, and used in an electrophoretic mobility shift assay (EMSA). We found that when the puri®ed p53 protein was mixed with the DNA fragment, a complex that presumably contained both p53 and DNA was detected (Figure 3b , lane 2). The complex was`supershifted' with the antip53 monoclonal antibody Pab1801 (Figure 3b, lane 3) . We also used unlabeled probe DNA and a DNA fragment from the ribosomal gene cluster (RGC) that contains a p53-binding site (Kern et al., 1991) as competitors. We found that both the unlabeled probe DNA and the unlabeled RGC competed with the 32 Plabeled probe DNA and inhibited the formation of the p53-DNA complex in a dose-dependent manner (lanes 4 ± 7). These results indicate that p53 interacts speci®cally with the potential p53 response element in the p73 gene.
To examine whether the potential p53-binding site is responsive to p53 and p73, the 61-bp fragment used in Figure 3b was cloned upstream of a minimal c-fos promoter and a luciferase reporter gene (Johansen and Prywes, 1994) to generate a reporter vector designated p73-Fluc. p73-Fluc was co-transfected into H1299 cells with either pcDNA3 control vector or a vector that expresses p53, p53(R175H), p73b or p73b292. We found that the luciferase activity for p73-Fluc was markedly increased by wild-type p53 and p73b, but not by mutant p53(R175H) and p73b292 (Figure 3c ). These results are consistent with the above observations that wild-type p53 and p73b, but not mutant p53(R249S) and p73b292, induces p73 (Figure 2 ). We also substituted six nucleotides in the potential p53 response element predicted to be critical for p53-binding (shown in lower case) (GTAaTTtCCG TCCGGGGA GAAaTTtCAG AGTAAGCTGGA GAGaTTtAATC). We then generated a reporter vector designated mut-p73-Fluc. Mut-p73-Fluc was co-transfected into H1299 cells with either pcDNA3 control vector or a vector that expresses either wild-type p53 or p73b. We found that the luciferase activity for mut-p73-Fluc was not substantially increased by wild-type p53 and p73 (Figure 3c ). To determine whether the DNA damage induction of the p73 transcript is due to transcriptional activation or mRNA stabilization, we measured the luciferase activity for p73-Fluc in SAOS-2 cells in the presence or absence of DNA damage. We found that the luciferase activity was substantially increased by DNA damage (Figure 3d ), suggesting that DNA damage can activate p73 expression transcriptionally.
In this study, we found that DNA damage, p53 and p73 can transcriptionally activate p73. Since both p53 and p73 proteins can be stabilized by DNA damage, we propose that in normal cells, DNA damage stabilizes and activates p53 and p73, and the resulting activated p53 and p73 proteins can each induce the expression of cellular target genes, including the p73 gene itself. It should be mentioned that p73 is induced by DNA damage or by p53 in SAOS-2, LS174T, SW480, and T98G cells (Figures 1 and 2 ), but not in other cells, such as H1299 and HCT116 (data not shown). It is still unclear why p73 is not induced in these cells. However, several possibilities exist. First, in some tissue and cell lines, p73 is expressed from only one allele due to genomic imprinting (Kaghad et al., 1997) . Thus, a hemizygous deletion of the expressed allele would result in total loss of p73 expression. Second, since DNA damage stabilization of p73 requires the c-Abl pathway (Agami et al., 1999; Gong et al., 1999; Yuan et al., 1999) , failure to induce p73 by DNA damage in some cell lines, for example, HCT116, may be due to defects in the c-Abl pathway (Gong et al., 1999) . Finally, it is also possible that p73 would not be induced when cells are defective in an additional coactivator that is required for induction of p73. Therefore, future studies are needed to address these questions.
